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I INTRODUCTION 
Th i s  f i r s t  q u a r t e r l y  r epor t  w i l l  i nco rpora t e  t h e  t h i r d  monthly re- 
po r t  as w e l l  as inc lude  some of t h e  informat ion  r epor t ed  i n  t h e  f i r s t  two 
mont l y  r e p o r t s  . 
A t  t h e  end of t h e  f i r s t  q u a r t e r  approximately 8.5 percent  of t h e  
t o t a l  c o n t r a c t  funds have been expended, but  t h e  r a t e  of expendi ture  has  
increased  t o  a present  va lue  of about 7 percent  pe r  month. Th i s  r a t e  w i l l  
be increased  s t i l l  f u r t h e r  du r ing  the  next  per iod ,  and it  i s  a n t i c i p a t e d  
t h a t  n e a r l y  50 percent  of t h e  funds w i l l  have been expended by t h e  end of 
t h e  second q u a r t e r .  
The p r o j e c t  has been d iv ided  i n t o  t h r e e  t a s k s ,  which are l i s t e d  be- 
low t o g e t h e r  wi th  t h e  t a s k  l e a d e r s  and l a b o r a t o r i e s  wi th  which they  are 
a s s o c i a t e d .  
TASK 1 Antenna Concepts: S y s t e m  and a n a l y s i s  a s p e c t s  
of antenna conf igu ra t ions .  The t a s k  l e a d e r  (and a l s o  p r o j e c t  
l eade r )  i s  C. A .  Hacking of t h e  Electromagnet ic  Techniques 
Laboratory . 
TASK 2 Environmental Conditions:  S p e c i f i c  environmental  
cond i t ions  and t h e i r  e f f e c t  on system and component con- 
f i g u r a t i o n s .  The t a s k  l eade r  i s  J. A. Mart in  of t h e  
Electromagnet ic  Sciences Laboratory. 
TASK 3 Phase-Lock Loops and Adaptive C i r c u i t r y :  C i r c u i t r y  
behind t h e  antenna elements .  The t a s k  l e a d e r  i s  C. H. Dawson 
of t h e  Radio Systems Laboratory. 
- 
Apart from t h e  l i t e r a t u r e  searches,  most of t h e  work done so f a r  on 
t h e  p r o j e c t  has been concerned with Tasks 1 and 2 .  During t h e  t h i r d  
month of t h e  q u a r t e r ,  s i g n i f i c a n t  progress  was made on t h e  s tudy  of two 
p o s s i b l e  c y l i n d r i c a l  antenna conf igura t ions .  A t  p r e sen t ,  cons ide ra t ion  
has  been r e s t r i c t e d  t o  sp in - s t ab i l i zed  v e h i c l e s  i n  which t h e  s p i n  a x i s  
i s  n e a r l y  perpendicular  t o  t h e  des i red  d i r e c t i o n  of t ransmiss ion  of 
i n f  ormat i on. 
1 
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The d i r e c t i o n  of Task 2, t h e  environment s tudy,has  been toward sum- 
mation of characterist ics and c o n s i d e r a t i o n  of t h e  e f f e c t s  of environment 
upon r e t r o d i r e c t i v e  antenna operat ion.  Both the environment of an  or- 
b i t i n g  o r  f ly-by bus and t h a t  of a r e -en t ry  capsu le  a r e  being considered.  
A l i t e r a t u r e  sea rch  has been conducted. 
, 
A t  p re sen t  there i s  no unique d e f i n i t i o n  of an  a d a p t i v e  antenna, 
a l though proposed d e f i n i t i o n s  for  adap t ive ,  r e t r o d i r e c t i v e ,  s e l f - s t e e r i n g ,  
and o the r  t ypes  of antenna have been put forward i n  meetings of t h e  I E E E ' s  
Committee 2, of which one of t h e  SRI s t a f f  i s  a member. 
seems necessary f o r  us t o  make our own d e f i n i t i o n s  of some of t h e  commonly 
used terms i n  o rde r  t o  avoid confusion. I t  i s  hoped t h a t  t h e s e  d e f i n i -  
t i o n s  w i l l  not vary appreciably from t h o s e  e v e n t u a l l y  adopted by t h e  IEEE. 
These d e f i n i t i o n s  are as fo l lows :  
It  t h e r e f o r e  
Adaptive antenna - A g e n e r i c  term i n c l u d i n g  a l l  antennas 
having a r e c e i v i n g  and/or t r a n s m i t t i n g  beam t h a t  i s  con- 
t r o l l e d  by t h e  d i r e c t i o n  of one o r  more incoming s i g n a l s .  
Such an antenna may be a c t i v e  o r  pas s ive .  (One simple 
form of an adap t ive  antenna i s  t h e  well-known co rne r  
reflect or .  ) 
R e t r o d i r e c t i v e  antenna - An antenna which r a d i a t e s  i t s  
major lobe back i n  t h e  d i r e c t i o n  from which a p i l o t  
s i g n a l  i s  received.  (This i s  t h e  d e f i n i t i o n  proposed 
by S. P. Morgan of B e l l  Telephone Labora to r i e s  and 
appa ren t ly  accepted by Committee 2 of t h e  IEEE.) 
S e l f - s t e e r i n g  antenna - A s p e c i a l  t y p e  of adap t ive  
antenna a r r a y  which a d j u s t s  phases of element s i g n a l s  
t o  a l low in-phase a d d i t i o n ,  thereby e x t r a c t i n g  maximum 
power from t h e  i n c i d e n t  s i g n a l ,  even i f  i t  i s  i n  t h e  
r a d i a t i n g  nea r  f i e l d  of t h e  a p e r t u r e  ( i n  which case, 
i t  i s  called s e l f - f o c u s s i n g ) .  A s e l f - s t e e r i n g  antenna 
may be used f o r  r e c e i v i n g  only, o r  i t  may t r ansmi t  as 
w e l l .  (This d e f i n i t i o n  has been suggested by R .  C. 
Hansen but has not y e t  been adopted a s  a s t anda rd . )  
2 
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I1 PERFORMANCE DURING THE FIRST QUARTER 
A. TASK I - ANTENNA CONCEPTS 
1. Basic Antenna Configurat ions 
Computer s t u d i e s  of two novel types  of adap t ive  an tennas  wi th  
c i r c u l a r  symmetry have been started.  So f a r  t h e  s t u d i e s  have been con- 
f i n e d  t o  t h e  r e t r o d i r e c t i v e  c l a s s  of antennas,  but  t h e  s tudy  machinery 
could r e a d i l y  be adapted t o  s e l f - s t e e r i n g  antennas having t h e  same gen- 
e r a l  antenna conf igu ra t ion .  The bas i c  a i m  of t h e  p re sen t  s tudy  i s  t o  
determine antenna parameters  which provide t h e  maximum e f f e c t i v e  r a d i a t e d  
power (ERP) i n  t h e  d e s i r e d  d i r e c t i o n  f o r  any given f i x e d  amount of elec- 
t r i ca l  power a v a i l a b l e  i n  t h e  space c r a f t  f o r  t r ansmiss ion  purposes.  
Each of t h e  two antennas c o n s i s t s  of a c y l i n d r i c a l  geodes ic  
l e n s  w i t h  one end connected t o  a r a d i a t i n g  s t r u c t u r e  and t h e  o the r  end 
connected t o  r ece iv ing  and/or t r a n s m i t t i n g  elements .  The only d i f f e r e n c e  
between the  two antennas being inves t iga t ed  i s  t h a t  on one of them a 
b i c o n i c a l  horn i s  used as t h e  r a d i a t o r ,  whi le  on t h e  more complex ye r s ion ,  
a c y l i n d r i c a l  a r r a y  of l i n e  source  r a d i a t o r s  i s  used as t h e  f ree-space  
r a d i a t o r .  The l a t t e r  antenna has much g r e a t e r  p o t e n t i a l  f o r  dec reas ing  
t h e  beamwidth i n  t h e  a x i a l  plane,  but t h e  p re sen t  s tudy  i s  only con- 
cerned w i t h  antenna p a t t e r n s  i n  the  azimuthal  plane.  
t h e r e f o r e ,  t h e  term "azimuthal ga in"  w i l l  be used and w i l l  r ep resen t  t h e  
g a i n  of t h e  p a r t i c u l a r  antenna w i t h  r e spec t  t o  an antenna having similar 
beamuridths i n  t h e  axial plane but  havirrg sii m f i i d i r e c t i o n a l  azimiithai 
antenna p a t t e r n .  Thus, t h e  ax ia l -p lane  a p e r t u r e  and antenna beamwidth 
w i l l  no t  be considered i n  t h i s  r epor t .  
For t h e  p re sen t ,  
F igure  1 shows a genera l  conf igu ra t ion  of t h e  c y l i n d r i c a l -  
geodesic- lens ,  biconical-horn adapt ive  antenna as w e l l  as the p r i n c i p a l  
dimensions used i n  t h e  computater s tudy.  
r a y s  from t h e  N r a d i a t i n g  s t r u c t u r e s ,  which, it i s  assumed, make up t h e  
co l l ima ted  RF beam. 
between t h e  p a r t i c u l a r  e lementa l  r a d i a t o r  and t h e  " d i s t a n t  observa t ion  
Also shown are t h e  N p r i n c i p a l  
Each of t h e s e  r ays  r e p r e s e n t s  t h e  s h o r t e s t  d i s t a n c e  
3 
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point" .  Of course,  t h i s  f i g u r e  i s  an over s i m p l i f i c a t i o n ,  s i n c e  rad ia-  
t i o n  occurs  i n  many d i r e c t i o n s  froin each of t h e  e lementa l  antennas and 
i s  even tua l ly  r ad ia t ed  by t h e  b i ccn ica l  horn i n  a l l  azimuthal  d i r e c t i o n s ,  
but t h i s  r a d i a t i o n  does not ,  i n  general ,  add i n  phase except  i n  t h e  
d i r e c t i o n  of t h e  main beam. I n  the  p re sen t  s tudy it  i s  assumed t h a t  t h e  
va lues  of L and R and t h e  r a d i a t i x i  p a t t e r n  of each e lementa l  r a d i a t o r  
w i th in  t h e  geodesic  l e n s  [denoted by G ( c Y ) ]  a r e  such t h a t  only two r a y s  
from each elemental  r a d i a t o r  con t r ibu te  s i g n i f i c a n t l y  t o  t h e  f i n a l  an- 
tenna r a d i a t i o n  p a t t e r n  f o r  any p a r t i c u l a r  azimuthal  d i r e c t i o n .  One of 
t h e s e  r ays  t r ave l s  around t h e  c y l i n d r i c a l  l ens  i n  one directior: ,  whi le  
t h e  o t h e r  t rave ls  i n  t h e  oppos i te  d i r e c t i o n .  The inaccurac i e s  i n t r o -  
duced by t h i s  assumption or s i m p l i f i c a t i o n  do  not  appear t o  be  substan- 
t i a l ,  p a r t i c u l a r l y  when compared with t h e  o the r  assumptions and 
s i m p l i f i c a t i o n s  (such as t h e  u s e  of ray  o p t i c s )  employed i n  t h i s  s tudy .  
F igure  2, i n  which t h e  c y l i n d r i c a l  l e n s  p o r t i o n  of t h e  antenna 
I 1  i s  shown i n  i t s  developed" form, i n d i c a t e s  t h e  geometry used f o r  t h e  
d i s c r e t e - r a d i a t o r  cy l indr ica l -geodes ic - lens  antenna.  Also  shown i s  a 
g r o s s l y  overs impl i f ied  f i g u r e  of the  wave f r o n t s  and ray-opt ic  r ays  
w i t h i n  t h e  c y l i n d r i c a l  l e n s  region.  The computations of t h e  r k d i a t i o n  
p a t t e r n  from an antenna of t h i s  type a r e  cons iderably  more lengthy than  
t h o s e  f o r  t h e  biconical-horn antenna. Indeed, t h e  computation of a 
s i n g l e  r a d i a t i o n  p a t t e r n  f o r  an  antenna of many elements i s  l i k e l y  t o  
t a x  t h e  s t o r a g e  capac i ty  of even the  l a r g e s t  d i g i t a l  computer. Radia- 
t i o n  p a t t e r n s  of a t y p i c a l  antenna us ing  d i s c r e t e  l ine-source  r a d i a t o r s  
have not y e t  been obtained,  b u t  3 computer program which can compute 
t h e  p a t t e r n  wi th  reasonably econ0c.y i s  being developed. 
2. Theory of t h e  Analysis  Procedure 
Some of t h e  a n a l y s i s  procedure is  common t o  both of t h e  above 
t y p e s  of antenna, but  only t h e  s p e c i f i c  procedure used f o r  ccns ide r ing  
t h e  biconical-horn antenna i s  discussed below. In  a d d i t i o n  tc, t h e  
assumptions mentioned above, two otner  important assumptions have been 
made f o r  t h i s  ana lys i s :  (1) t h a t  che mutual coupl ings  between t h e  
e lementa l  r a d i a t o r s  a t  t h e  bottom of t h e  geodesic  l e n s  a r e  n e g l i g i b l e ,  
5 
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and ( 2 )  t h a t  t h e  d i s c o n t i n u i t y  between t h e  b i c o n i c a l  horn and t h e  
c o a x i a l  c y l i n d e r s  p re sen t s  a neg l igb le  mismatch t o  a l l  t h e  s i g n i f i c a n t  
r a y s  considered i n  t h e  a n a l y s i s .  Nei ther  of t h e s e  assumptions i s  con- 
s ide red  t o  be a s e r i o u s  l i m i t a t i o n  of t h e  a n a l y s i s .  
The procedure adopted i n  t h i s  a n a l y s i s  was as fo l lows:  The 
j Jr  (y) r a d i a t i o n  p a t t e r n ,  descr ibed  i n  both ampli tude and phase by B(y)e 
was f i r s t  computed f o r  t h e  b i con ica l  antenna w i t h  t h e  assumption t h a t  
j u s t  a s i n g l e  e lemental  r a d i a t o r  at the bottom of t h e  geodes ic  l e n s  was 
e x c i t e d .  The ray  geometry a s soc ia t ed  w i t h  such an  element,  and a p a r t i -  
c u l a r  azimuthal d i r e c t i o n  y ,  i s  shown i n  F ig .  3 .  A p o r t i o n  of t h e  
modulus of such a t y p i c a l  amplitude f u n c t i o n  o r  p a t t e r n  i s  reproduced 
i n  F ig .  4 f o r  azimuthal angles  y from 0 t o  180 degrees .  The e lementa l  
r a d i a t o r  is  s i t u a t e d  a t  y = 0, and t h e  p a t t e r n  is, of course,  s y m m e t r i -  
c a l ;  i t s  d e r i v a t i o n  i s  considered i n  more d e t a i l  below. It w i l l  be 
noted t h a t  t h i s  p a t t e r n  i s  much more n e a r l y  omnidi rec t iona l  t han  t h e  
r a d i a t i o n  p a t t e r n  of t h e  element i t s e l f  w i th in  t h e  c y l i n d r i c a l  geodesic  
l ens ,  which i s  a l s o  p l o t t e d  i n  F ig .  4 a s  a f u n c t i o n  of cy, us ing  t h e  
same ang le  scale. Indeed, t h e  l e n s  may be s a i d  t o  t ransform t h e  o r i -  
g i n a l  r e l a t i v e l y  narrow beam i n t o  an approximately omnidi rec t iona l  pat-  
t e r n ,  a lbe i t  w i t h  some seve re  i n t e r f e r e n c e  r i p p l e s .  T h i s  p a t t e r n  w i l l  
be r e f e r r e d  t o  as t h e  "single-element pseudo-omni" p a t t e r n .  
Y 
By r e c i p r o c i t y ,  t h i s  p a t t e r n  can be t r e a t e d  a s  e i t h e r  t h e  
t r a n s m i t t i n g  o r  r e c e i v i n g  p a t t e r n  a s soc ia t ed  w i t h  one element. For t h e  
p re sen t  computations, t h e  f u r t h e r  assumption i s  made t h a t  t h e  t r a n s -  
m i t t i n g  antenna is  e s s e n t i a l l y  i d e n t i c a l  ( i n  wavelength) t o  t h e  re- 
c e i v i n g  antenna. If t h e  same antenna i s  used f o r  both t r a n s m i t t i n g  and 
r ece iv ing ,  t hen  t h e  r e c e i v i n g  and t r a n s m i t t i n g  f r equenc ie s  must be very 
c l o s e  toge the r .  '* 
scale m o d e l  of t h e  o ther ,  t h e  s c a l e  f a c t o r  being t h e  r a t i o  of t h e  re- 
s p e c t i v e  wavelengths. Th i s  l a t t e r  arrangement a l lows  f o r  any separa-  
t i o n  between t h e  two f requencies .  
I f  d i f f e r e n t  antennas are used, one should be an exac t  
* 
Super sc r ip t  numbers refer t o  the  References a t  t h e  end of t h i s  
r e p o r t .  
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* . '  
I n  t h e  r e c e i v i n g  mode, t h e  o r d i n a t e  of t h e  p a t t e r n  r e p r e s e n t s  
t h e  s i g n a l  rece ived  by t h e  p a r t i c u l a r  element as a f u n c t i o n  of t h e  
azimuthal  angle  y of t h e  whole s t r u c t u r e  when t h e  s t r u c t u r e  i s  i l l umi -  
nated by un i t  r a d i a t i o n  from t h a t  p a r t i c u l a r  azimuthal  d i r e c t i o n .  The 
technique  now being considered t o  make t h e  antenna s t r u c t u r e  r e t r o d i r e c -  
t i v e  i s  t o  provide e l e c t r o n i c  c i r c u i t r y ,  sometimes c a l l e d  a conjugate  
network, t o  ope ra t e  on t h e  incoming s i g n a l  a t  each element i n  such a way 
t h a t  t h e  element t hen  r e r a d i a t e s  a s i g n a l  which has  a r e l a t i v e  phase 
ang le  of s i g n  oppos i te  t o  t h a t  of t h e  incoming s i g n a l .  I n  add i t ion ,  t h e  
e l e c t r o n i c  c i r c u i t r y  w i l l  amplify and t h u s  determine t h e  ampli tude of 
t h e  r e r a d i a t e d  s i g n a l .  
The r e r a d i a t e d  ampli tude could t h e o r e t i c a l l y  be made t o  have 
any d e s i r e d  r e l a t i o n s h i p  t o  t h e  incoming amplitude,  but f o r  t h e  present  
only two r e r a d i a t e d  ampli tude func t ions  are being cons idered  i n  t h e  
computer program. 
simply lrmodes'r. 
whi le  i n  Mode 2 they  r e r a d i a t e  an amplitude d i r e c t l y  p ropor t iona l  t o  t h e  
rece ived  amplitude a t  t h a t  element. I n  p r a c t i c e ,  t h i s  can be implemented 
a s  fo l lows:  
i n t o  s a t u r a t i o n  and thus  d e l i v e r  maximum RF power r e g a r d l e s s  of t h e  in-  
coming s i g n a l  s t r e n g t h .  
t h e  incoming s i g n a l s  i n  such a way t h a t  no output  a m p l i f i e r  i s  eve r  
s a t u r a t e d .  
pec ted  i f  t h e  a v a i l a b l e  RF t r a n s m i t t e r  power i s  d i s t r i b u t e d  t o  t h e  va r ious  
elements of an a r r a y  i n  propor t ion  t o  t h e  ga ins  of each of t h e  elements 
measured i n  t h e  p a r t i c u l a r  d i r e c t i o n  i n  which it  i s  d e s i r e d  t o  optimize 
e f f e c t i v e  r a d i a t e d  power. Mode 2 opera t ion  would d i s t r i b u t e  t h e  power 
i n  t h i s  optimum manner, but a t  present  i t  does not  appear poss ib l e  t o  
o b t a i n  a s  high a conversion e f f i c i e n c y  from DC t o  RF f o r  Mode 2 as f o r  
Mode 1. 
11 These a r e  r e f e r r e d  t o  a s  modes of opera t ion ,"  o r  
I n  Mode 1 a l l  elements r a d i a t e  w i th  equal  amplitude,  
I n  Mode 1, t h e  f i n a l  elemental a m p l i f i e r s  are each d r iven  
I n  Mode 2 ,  l i n e a r  a m p l i f i e r s  are used t o  amplify 
I n  theory,  a h igher  e f f e c t i v e  r e r a d i a t e d  power i s  t o  be ex- 
I n  order  t o  compute t h e  r e rad ia t ed  antenna p a t t e r n ,  t h e  pr in-  
c i p l e  of supe rpos i t i on  i s  used t o  add t h e  ampli tudes ( v e c t o r i a l l y )  of 
t h e  p a t t e r n s  from each of t h e  N elemental  r a d i a t o r s .  The r e l a t i v e  phase 
of each  of t h e s e  elemental  r a d i a t o r s  i s  au tomat i ca l ly  ad jus t ed  by t h e  
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conjugate  network t o  p u t  i n  phase the  c o n t r i b u t i o n  from each element,  
when observed from t h e  d i r e c t i o n  of t h e  incoming ( p i l o t )  s i g n a l .  The 
p a t t e r n  r a d i a t e d  from t h e  b i con ica l  horn when a s i n g l e  element i s  i l l u m i -  
nated i s  de r ived  a s  desc r ibed  below. 
With r e f e r e n c e  t o  F i g s .  1 and 3,  t h e  fo l lowing  parameters  a r e  
de f ined  : 
RA i s  t h e  mean r a d i u s  of t h e  c y l i n d r i c a l  geodesic  
l e n s  and a l s o  t h e  t h r o a t  diameter of t h e  b i c o n i c a l  
horn.  
-
LRA i s  t h e  l e n g t h  of t h e  c y l i n d r i c a l  l e n s .  -
G(cY)  i s  t h e  r a d i a t i o n  p a t t e r n  of each elemental  -
r a d i a t o r  w i t h i n  t h e  geodesic lens.  
CY i s  t h e  ang le  measured from t h e  a x i s  of each elemental  
r a d i a t o r  w i t h i n  t h e  c y l i n d r i c a l  geodesic  l e n s  and i s  
t h e r e f o r e  t h e  ang le  t h a t  a p a r t i c u l a r  r a y  makes wi th  
t h e  d i r e c t i o n  of t h e  main lobe  of t h e  elemental  
antenna. I t  i s  a l s o  the a n g l e  of incidence and re- 
f l e c t i o n  a t  t h e  r igh t - ang le  j u n c t i o n  between t h e  
c y l i n d r i c a l  and r a d i a l  ( b i c o n i c a l )  l i n e s .  
- 
1 i s  t h e  azimuthal angle.  
From Fig.  3,  i t  i s  seen t h a t  
t a n  CY = R ! a n  4- y - CY) 
LR 
where k n = 0, 1, 2 . . .  
which leads t o  t he  fo l lowing  very u s e f u l ,  but t r ancenden ta l ,  parametr ic  
equa t ions :  
CY + L t a n  cy1 = y f o r  ray 1 1 
CY 2 + L t a n a 2 = Z r r - y  f o r  ray 2 
01 + L t a n a 3 = m + y  for r a y  3 e tc .  3 
11 
I t  can a l s o  be seen from the  geometry t h a t  t h e  higher-order  
r a y s  c o n t r i b u t e  p rogres s ive ly  lesser amounts of energy i n  t h e  d i r e c t i o n  
y ?  because t h e  ga in  func t ion  G ( a )  of the elemental  antenna dec reases  
and t h e  space t a p e r  i n c r e a s e s  wi th  CY. 
I n  o rde r  t o  determine t h e  space t a p e r  f o r  t h e  b i c o n i c a l  s t r u c -  
t u r e ,  cons ider  t h e  power r a d i a t e d  from an elemental  r a d i a t o r  between t h e  
ang le s  cy and cy + Acu. The power dens i ty  of t h e  r a d i a t i o n  i n t o  t h i s  
ang le  ACY can be def ined  as 
* 
i s  Acu i s  s m a l l .  2 G ( a )  w a t t  s / u n i t  ang le  ~ 
2 
The t o t a l  power radiated i n t o  Acu i s  then  G(cY) Acu. Since  w e  assume t h e r e  
i s  a p e r f e c t  match a t  t h e  t r a n s i t i o n ,  t h i s  same power i s  radiated from 
the  b i c o n i c a l  antenna, a f t e r  r e f l e c t i o n  from the  j u n c t i o n  between t h e  
c y l i n d r i c a l  and b i con ica l  l i n e s ,  i n t o  an  angle  A €  (def ined  i n  Fig.  5),  
r e s u l t i n g  i n  a power d e n s i t y  
Now, a t  some d i s t a n t  observa t ion  point ,  po in t  p (see Fig .  5) i s  i n d i s t i n -  
gu ishable  from poin t  q, except  f o r  a phase t e r m ,  so  t h a t  Aa i s  equiva len t  
t o  a small azimuthal angle  Ay of equal value.  Hence, 
where F(y) i s  t h e  complex amplitude f u n c t i o n  of t h e  b i c o n i c a l  horn 
(excluding t h e  e f f e c t s  of mul t ipa th  i n t e r f e r e n c e ) .  
*It w i l l  be assumed t h a t  t h e  space t a p e r  i n  t h e  azimuthal  d i r e c t i o n  
f o r  r a d i a t i o n  from t h e  b i con ica l  horn i s  independent of t h e  space t a p e r  
i n  t h e  a x i a l  ( e l eva t ion )  plane.  This  i s  a common and usua l ly  sa t i s -  
f a c t o r y  s i m p l i f i c a t i o n  i n  t he  computation of antenna p a t t e r n s .  The 
effect  of a x i a l  space t a p e r  w i l l  t h e r e f o r e  be neglec ted  a t  p re sen t ,  
s i n c e  i t  a p p l i e s  equal ly  t o  the r a d i a t i o n  p a t t e r n s  t o  be computed and 
t o  t h e  p a t t e r n s  of t h e  hypothe t ica l  omni-azimuthal antenna, which, a s  
has  been mentioned above, i s  being used as t h e  r e fe rence  antenna.  
12 
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Refer ing  t o  F ig .  3, 
Ad = LR [ t a n  (CY f ACY) - t a n  a ]  
2 
Ad t a n  CY + t a n  Acu - t a n  CY + t a n  ACY t a n  CY - = L  
R 1 - t a n  ACY t a n  CY 
2 
1 + t a n  CY - 
- 1 - ACY t a n  a s i n c e  t a n  ACY = ACY i f  ACY is  small 
Refer ing  t o  Fig.  5, 
Ad 
A €  = (CY + ACY) - (CY - F) 
2 except  where CY + t - Tr 
2 and l i m  A s  = ACY (1  + L Sec CY) ACY -0 
Hence, 
To determine t h e  r e l a t i v e  phase of t h e  r a d i a t i o n  aga in  a s soc i -  
ated w i t h  a s i n g l e  e lemental  r a d i a t o r  and observed a t  p o i n t s  a t  a l a r g e  
but  cons t an t  d i s t a n c e  D from t h e  cen te r  of t h e  b i c o n i c a l  s t r u c t u r e ,  con- 
sider a t  l eng th  of each r a y ,  o r  geodesic,  as a f u n c t i o n  of y ,  o r  more 
convenient ly  as a f u n c t i o n  of CY: 
The l eng th  wi th in  t h e  lens  i s  L R h Sec CY. 
The l eng th  ou t s ide  t h e  lens  i s  D - R h Cos CY. 
The r e l a t i v e  l eng th  i s  then 
r e l a t i v e  phase d i f f e r e n c e  i s  
14 
Hence , 
exp [ jmR ( - - cos . cos CY -1 
A s  can be seen from Fig .  3 ,  t h e r e  i s  more than  one r a y ,  or 
geodesic ,  ( i . e . ,  l i n e  of m i n i m u m  e l e c t r i c a l  l ength)  j o i n i n g  t h e  ele- 
mental  r a d i a t o r  wi th  any d i s t a n t  observa t ion  po in t ,  depending on which 
way t h e  ray  t u r n s  around t h e  cy l inder  and how many t u r n s  it  mades w i t h i n  
t h e  c y l i n d r i c a l  p o r t i o n  of t h e  antenna. These s e v e r a l  r a y s  w i l l  i n t e r -  
f e r e  wi th  each o t h e r  t o  produce r i p p l e s  i n  both amplitude and phase as 
a f u n c t i o n  of azimuthal  ang le  y .  The ampli tudes of t h e  f i r s t - ,  second-, 
and th i rd -o rde r  r a y s  are p l o t t e d  i n  F ig .  4 f o r  some t y p i c a l  antenna 
parameters.  
It  can be seen t h a t  t h e  th i rd-order  r ay  is  everywhere less 
than  10 percent  (> 20 dB down) of the  f i r s t - o r d e r  or p r i n c i p a l  r ay ,  
t h e r e f o r e  f o r  t h e  purposes of t h e  computation i t  was neglec ted .  Th i s  
s i m p l i f i c a t i o n  can be j u s t i f i e d  on t h e  grounds t h a t  t h i s  r a y  o p t i c s  
technique  i s  not  exac t  enough t o  give any more than  an i n d i c a t i o n  of 
t h e  main beam, t h e  ga in ,  and t h e  general  maximum s ide- lobe  l e v e l s .  I n  
a d d i t i o n ,  t h e  very p r i n c i p l e  of opera t ion  of t h e  r e t r o d i r e c t i v e  antenna 
a r r a y  employing conjugate  networks tends  t o  compensate au tomat i ca l ly  for 
such p e r t u r b a t i o n s  a s  t h e  e f f e c t s  of mutual coupl ing,  and i n  t h i s  case, 
h igher -order  rays .  
Because t h e  length  of t h e  f i r s t - o r d e r  ray  i n c r e a s e s  wi th  y, 
whi le  t h e  second-order ray  decreases ,  t h e  a d d i t i o n  of F (y) and F (y) 
produces an i n t e r f e r e n c e  p a t t e r n  whose ampli tude v a r i e s  between 
1 2 
These l i m i t s  a r e  shown i n  F ig .  4 as w e l l  a s  po r t ions  of 
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based on p o i n t s  computed every two degrees. If F (y) had a l s o  been 
taken i n t o  account,  B(y) would have va r i ed  between the  two dashed l i m i t s  
shown i n  F ig .  4 ,  b u t  the  curve of B(a )  would be somewhat more complex 
than t h e  a c t u a l  curve shown. 
3 
The elemental  antenna amplitude f u n c t i o n  G ( a )  used i n  t h e s e  
i n i t i a l  computations was somewhat a r b i t r a r i l y  chosen t o  g ive  the  antenna 
a 3-dB beamwidth of 1 rad ian  per and a commonly used parabol ic -  
l oga r i th imic  beam shape; i . e . ,  t h e  beamwidth r e l a t i o n s h i p  over t h e  angles  
of i n t e r e s t  i s  given by 
ape r tu re  
wavelength 
I t  has  been f u r t h e r  assumed t h a t  t h e  bottom of t h e  c y l i n d r i c a l  
l e n s  i s  completely f i l l e d  w i t h  contiguous e lementa l  antennas.  Thus, t h e  
s i z e  of each a p e r t u r e  i s  wavelengths. This  l e a d s  t o  an elemental  
N 
e m p l i t u d e  func t ion  given by 
G(a) = 10 -2 .4  (n+)2 f 
which has  been used for a l l  t h e  computations t o  date .  
a .  Computation of t h e  Reradia t ion  P a t t e r n  
Once the  r a d i a t i o n  p a t t e r n  of t h e  b i con ica l  horn due  t o  
a s i n g l e  e lemental  antenna, given by 
, 
has  been determined, i t  i s  assumed tha t  when t h e  whole s t r u c t u r e  i s  
used as a r e t r o d i r e c t i v e  antenna, t he  ith r a d i a t o r  w i l l  r e t r ansmi t  a 
p a t t e r n  given by 
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which g ives  each of t h e  pseudo-omni p a t t e r n s  a n e t  e l e c t r i c a l  phase 
ang le  equal  t o  z e r o  i n  d i r e c t i o n  y = 0. 
Using t h e  p r i n c i p l e  of supe rpos i t i on ,  t h e s e  N complex 
p a t t e r n s  a r e  summed t o  o b t a i n  t h e  f i n a l  r e t r o d i r e c t e d  t r a n s m i t t e r  pa t -  
t e r n .  The azimuthal  p o s i t i o n  of the ith elementa l  r a d i a t o r  i s  de f ined  
by A i ,  and D. is  an ampli tude weighting f u n c t i o n .  A s  has  a l r eady  been 
mentioned, f o r  Mode 1 ope ra t ion  D = 1, and f o r  Mode 2, D 
1 
= B(Ai). i i 
The conjugate  networks a s s u r e  tha t  i n  t h e  r e t r o d i r e c t i o n ,  
a l l  t h e  elements add i n  phase r ega rd le s s  of t h e  complexity of t h e  r a d i a -  
t i o n  p a t t e r n  c h a r a c t e r i s t i c s  i n  t h a t  d i r e c t i o n .  There i s ,  however, no 
assurance  t h a t  any p a r t i c u l a r  element w i l l  c o n t r i b u t e  t o  t h e  g a i n  i n  
t h e  desired d i r e c t i o n ,  s i n c e  t h e  elemental  p a t t e r n  may have a n u l l  i n  
t h a t  d i  rec t i on. 
b. Computation of Azimuthal Gain 
I n  o rde r  t o  determine t h e  ga in  of any given antenna,  t h e  
peak power of t h e  r a d i a t i o n  p a t t e r n  i s  compared wi th  t h e  average power 
r a d i a t e d  i n  a l l  azimuthal  d i r e c t i o n s .  This  average power can be com- 
puted i n  s e v e r a l  ways, and a t  l e a s t  two methods were employed f o r  each 
of t h e  computed p a t t e r n s  presented  i n  t h i s  r e p o r t .  These methods a r e  
as fo l lows :  
Method 1. Compute t h e  average s c a l a r  power va lue  of t h e  pseudo-omni 
s ingle-element  p a t t e r n  and then  add 
N e lements ,  without regard  t o  phase 
can  only be approximated, s i n c e  the  
r a d i a t i o n  p a t t e r n ,  i s  only computed 
i s  r e l a t i v e l y  l a r g e  compared t o  the  
obvious i n  t h e  p l o t  of B(y) i n  Fig. 
t h i s  average value i s  given by 
t h e  c o n t r i b u t i o n  from each of t h e  
r e l a t i o n s h i p .  The average va lue  
pseudo-oliiiii p a t t e r n ,  l i k e  the final 
every - 360 degrees ,  which i n  practice 
r i p p l e s  i n  t h e  p a t t e r n .  This  i s  
4, where M = 180. 
M 
Expressed i n  dB, 
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Method 2. 
power p a t t e r n ,  S ( y ) .  
method is  only approximate and should g ive  s i m i l a r  accuracy.  
Compute t h e  average s c a l a r  power va lue  of t h e  f i n a l  r a d i a t i o n  
For reasons similar t o  those  given above, t h i s  
Again, 
~ 
expressed i n  d B  t h i s  average va lue  i s  given by 
Method 3 .  Ins tead  of assuming t h a t  each element reradiates t h e  con- 
j u g a t e  phase, i t  is  assumed t h a t  each r a d i a t e s  w i t h  equa l  phase. (This 
mode of opera t ion  may w e l l  be  used i n  p r a c t i c e  t o  e s t a b l i s h  con tac t  be- 
tween two adapt ive  antennas.)  The f i n a l  r a d i a t i o n  p a t t e r n  i s  then  com- 
puted i n  t h e  same way, and should r e s u l t  i n  an approximately omnidi rec t iona l  
p a t t e r n .  This  p a t t e r n  w i l l  have a t  least N r i p p l e s  i n  i t ,  but  i t s  avar- 
age va lue  i s  r e a d i l y  estimated and is  des igna ted  by T. 
Method 4. Compute t h e  average power va lue  of t h e  r a d i a t i o n  p a t t e r n  
w i t h i n  t h e  c y l i n d r i c a l  l e n s  and sum t h e  c o n t r i b u t i o n  from each element 
without  regard t o  phase r e l a t i o n s h i p .  Expressed i n  dB, t h i s  average 
va lue  i s  given by 
3 
2 N 2  l-r C 
m Q = - G ( a )  dcu Di -n 1 
where C i s  a normal iza t ion  f a c t o r  r e l a t i n g  power d e n s i t y  wi th in  t h e  
c y l i n d r i c a l  l e n s  t o  power d e n s i t y  r ad ia t ed  from t h e  b i c o n i c a l  horn. 
Table  I shows t h e  r e s u l t s  of some sample computations 
which are a s soc ia t ed  w i t h  t h e  computed antenna p a t t e r n s  shown i n  F igs .  
6 through 13. Also t abu la t ed  a r e  some of the  inpu t  parameters.  I t  
should be noted t h a t  t h e  p l o t t i n g  machine i s  not  capable  of p r e d i c t i n g  
t h e  peak va lue  of t h e  side lobes .  
It  has  been shown by C u t l e r  e t  a1.l t h a t  t he  m a m i m u m  
o v e r a l l  antenna ga in  G' of N elements, each wi th  a ga in  of g', and w i t h  
t h e  e lementa l  main lobes  d i r e c t e d  more or less uniformly i n  a l l  direc- 
t i o n s ,  i s  given by G' = N/g'. The same arguments can be used t o  show 
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Fig .  
No. 
6 
7 
8 
9 
10 
11 
12 
13 
I__ 
P 
17.78 
17.78 
19.55 
19.55 
14.77 
14.77 
14.77 
14.77 
Table I 
VALUES OF CERTAIN PARARilETERS FOR FIGURES 6-13 
PARAMETER 
Beamwidth 
4.2' 
4.4' 
3.4' 
3.2' 
5.5' 
5.5' 
8.0' 
8.3' 
14.24 14.45 
lode 
90 
30 
30 
30 
30 
1 
2 
1 
2 
1 
1 
1 
2 
- 
0 
0 
2 
2 
2 
I 
Gain 1 
10 
10 
17.13 
17.42 
19.09 
19.53 
13.01 
13.01 
14.27 
14.65 
3 
3 
5 3  
5 3  
Gain 2 
17.10 
17.41 
19.15 
19.47 
12.99 
12.99 
i a in  3 Gain 4 
16.99 
17.19 
18.70 
- 
12.91 
12.91 
14.11 
- 
t 
t h a t  t h e  maximum gain  f o r  an antenna which only r a d i a t e s  i n  t h e  azimuthal  
d i r e c t i o n  is  a l s o  given by G I '  = N/g 
of each element.  
va lue  of N when g" i s  u n i t y ,  t h a t  is, when t h e  elemental antennas have 
omniazimuthal p a t t e r n s .  I t  i s  assumed t h a t  t h e s e  elements  are randomly 
loca ted  i n  f r e e  space,  wi th  t h e i r  r a d i a t i o n  p lanes  a l l  p a r a l l e l ,  and 
t h a t  t hey  a r e  s u f f i c i e n t l y  separated from each o the r  t h a t  all mutual 
coupl ing  e f f e c t s  are n e g l i g i b l e .  This ga in  i s  r e a l i z a b l e  i n  any azimuthal  
d i r e c t i o n  provided t h e  elements are appropr i a t e ly  phased and power i s  
equa l ly  d iv ided  among them. 
expected from any of t h e  antennas f o r  which p a t t e r n s  were computed, ex- 
pressed  i n  dB, i s  
I 1  , i f  g f f  i s  now t h e  azimuthal  ga in  
The o v e r a l l  azimuthal ga in  G I 1  obviously has a maximum 
Hence, t h e  maximum t h e o r e t i c a l  g a i n  t o  be 
P = 10 l o g  N . 
This  va lue  i s  a l s o  t abu la t ed  for comparison i n  Table  I .  
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The fo l lowing  i s  an explana t ion  of t h e  input  and output  
parameters appear ing  on each of t h e  computed pa t t e rns .  The q u a n t i t y  V 
i s  t h e  computed maximum radiated power d e n s i t y  i n  dB. 
I R = r a d i u s  of c y l i n d r i c a l  l e n s ,  measured i n  u n i t s  of A 
I L = l eng th  of c y l i n d r i c a l  l ens ,  measured i n  u n i t s  of Rh 
I N = number of elemental r a d i a t o r s  
K = angle  ( i n  degrees) between t h e  r e t r o d i r e c t i o n  and 
t h e  a r i e n t a t i o n  of t h e  c l o s e s t  e lementa l  r a d i a t o r .  
360 
The p a t t e r n s  a re  symmetrical  i f  K = 0 o r  - 2 N  
Mode 1 assumes sa tu ra t ed  a m p l i f i e r s  
Mode 2 assumes l i n e a r  a m p l i f i e r s  
Gain (1) = t h e  azimuthal  ga in  computed by Method 1 = V - H 
Gain (2) = t h e  azimuthal  ga in  computed by Method 2 = V - W 
Gain (3) = t h e  azimuthal  ga in  computed by Method 3 = V - T 
Gain (4) = t h e  azimuthal ga in  computed by Method 4 = V - Q 
P = pos tu l a t ed  "maximum t h e o r e t i c a l  gain"  = 10 log N 
Beamwidth = t h e  3-dB beamwidth, i n  degrees ,  es t imated  from t h e  computed 
p a t t e r n .  
Although t h e  computed p a t t e r n s  have not  y e t  been f u l l y  
analyzed,  t h e  fo l lowing  s i g n i f i c a n t  p o i n t s  are apparent  : 
(1) The s ide- lobe  l e v e l s  a r e  r e i a t i v e i y  high, 
and i n  some cases  s o  h igh  they  reduce t h e  
maximum ga in  appreciably.  
(2) The pos tu l a t ed  maximum t h e o r e t i c a l  ga in  i s  
everywhere g r e a t e r  t han  any of t h e  computed 
va lues  of gain,  out i s  approached i n  Mode 2 
ope ra t ion .  This somewhat imprac t i ca l  mode 
appears  t o  provide a few t e n t h s  of dB increase 
i n  computed gain over an otherwise s imilar  
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antenna opera t ing  i n  M o d e  1, and it  a l s o  
provides  more "well behaved" s i d e  lobes ,  
but i t  i s  considered t o  be of only academic 
i n t e r e s t .  
(3)  There i s  an  apparent ga in  i n c r e a s e  of 1 .2  dB 
when t h e  antenna diameter  i s  halved but  N i s  
kept  cons t an t  a t  30. A s  can be seen  from t h e  
curves,  t h e  l a r g e r  antenna has  t h e  narrower 
beamwidth but i t s  lower ga in  i s  accounted f o r  
by t h e  l a r g e  s i d e  lobes .  
(4) I f  only every a l t e r n a t e  element of t h e  60-element 
antenna were used t o  r a d i a t e  t h e  a v a i l a b l e  RF 
power, wi th  t h e  unused elements te rmina ted ,  it 
i s  pos t ru l a t ed  t h a t  t h e r e  should only be a loss  
of ga in  of about 3 dB. Such an antenna would 
appear t o  have about 1-dB more ga in  than  t h e  
computed c a s e  f o r  a s i m i l a r l y  s i z e d  antenna 
wi th  30 elements, where t h e  e lementa l  r a d i a t o r s  
f i l l  t h e  bottom of t h e  c y l i n d r i c a l  l ens .  This  
i n d i c a t e s  t h a t  t h e  h ighes t  f i n a l  ga in  i s  
obtained wi th  elemental  r a d i a t o r s  having low 
ga in  wi th in  t h e  c y l i n d r i c a l  l ens .  
(5) Comparing Figs .  10 and 11, t h e r e  i s  no  apparent  
change i n  ga in  when t h e  peak of t h e  beam i s  
changed by 2 degrees,  even though t h e  p a t t e r n  
shapes change. If t h i s  i s  a gene ra l  r u l e  i t  i s  
very important ,  s i n c e  i t  means t h e r e  w i l l  be no 
amplitude modulation of t h e  r a d i a t e d  s i g n a l  a s  
t h e  veh ic l e  r o t a t e s .  
(6) The beamwidth of each antenna i s  much less than  
360 
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t h e  va lue  -, which r e p r e s e n t s  t h e  maximum 
beamwidth obta inable  i f  a l l  t h e  power a s soc ia t ed  
wi th  t h e  maximum pos tu l a t ed  ga in ,  N, i s  
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concent ra ted  i n  the main beam. Th i s  i n d i c a t e s  
t h a t  t h e r e  i s  a l o t  of power i n  t h e  s i d e  lobes .  
I n  a p u r e l y  r e t r o d i r e c t i v e  antenna i n  f r e e  space,  
only t h e  maximum ERP i n  t h e  r e t r o d i r e c t i o n  i s  of 
consequence, but i f  t h e  antenna i s  a l s o  t o  g ive  
d i r e c t i o n a l  information or opera t e  i n  more than  
one d i r e c t i o n ,  s i d e  lobes ,  main beam s q u i n t ,  
and o the r  p a t t e r n  c h a r a c t e r i s t i c s  could be of 
some consequence. I n  t h e  case of a capsu le  
approaching the  p l ane t ,  s i d e  lobe power re- 
f l e c t i n g  off t h e  p l ane t  could cause s e r i o u s  
i n t e r f e r e n c e  w i t h  t h e  main t r a n s m i t t e d  beam. 
B. TASK 2 - ENVIRONMENTAL CONDITIONS 
Adaptive antennas f o r  space missions,  s o  f a r  restricted mainly t o  
those  of t h e  r e t r o d i r e c t i v e  type,  a r e  being considered f o r  a p lane t -  
o r b i t i n g  or f ly-by bus, and f o r  an  e n t r y  capsule .  The s tudy  of environ-  
mental  e f fec ts  du r ing  t h i s  f i r s t  q u a r t e r  of r e sea rch  has  been d i r e c t e d  
toward c h a r a c t e r i z i n g  t h e  e lec t romagnet ic  environment through which the  
r e t r o d i r e c t i v e  antennas may operate ,  and towards eva lua t ing  the e f f e c t s  
of t h e  e lec t romagnet ic  environment upon adap t ive  antenna ope ra t ion .  A 
Mars mission i s  used f o r  d e s c r i p t i v e  purposes manely t o  r e f l e c t  t h e  un- 
knowns which e x i s t  i n  c h a r a c t e r i z i n g  a p l ane ta ry  environment, but  t h e  
s tudy  should be a p p l i c a b l e  t o  more gene ra l  environments.  
A cons iderable  amount of l i t e r a t u r e  has  been acquired t o  provide a 
background and r e fe rence  f o r  t h e  cont inuing s tudy .  The l i t e r a t u r e  sea rch  
i n  p a r t i c u l a r  has  been d i r e c t e d  toward Mars mission s t u d i e s  and environ- 
mental  c h a r a c t e r i s t i c s ,  and toward environment measurements by e l e c t r o -  
magnetic techniques.  
1. Orb i t ing  or Fly-By Bus 
a. Background 
The Mars bus,  i n  the o r b i t i n g  or f ly-by mode, w i l l  be 
i n  t h e  Martian ionosphere or i n  the nea r  i n t e r p l a n e t a r y  space.  The 
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e n t r y  and lower atmospheric  environment i s  d iscussed  f o r  an e n t r y  
capsule .  
The t ransmiss ion  environment f o r  t h e  bus and bus-ear th  
l i n k  inc ludes  t h e  p l ane t  atmosphere, i n t e r p l a n e t a r y  space,  and t h e  
e a r t h ' s  atmosphere. A l s o ,  s i g n a l s  w i l l  be reflected from t h e  p l ane t .  
These p l ane ta ry  r e f l e c t i o n s  can modify r e t r o d i r e c t i v e  ope ra t ion  by in-  
ducing noncancel l ing phase e r r o r s  between a r r a y  elements  and by in-  
ducing amplitude i n t e r f e r e n c e  both a t  t h e  a r r a y  elements  and a t  t he  
r e c e i v i n g  t e rmina l s  of t h e  r e t r o d i r e c t i v e  l i n k .  The e x t e n t  of modifi-  
c a t i o n  i s  being i n v e s t i g a t e d .  Other e f f e c t s  of t h e  t ransmiss ion  environ- 
ment d o  not appear t o  d i f f e r  f o r  r e t r o d i r e c t i v e  antenna ope ra t ion  or 
any o t h e r  antenna opera t ion .  
A very  important  cons ide ra t ion  f o r  r e t r o d i r e c t i v e  l i n k s  
i s  t h e  modi f ica t ion  of t h e  e lec t romagnet ic  s i g n a t u r e s  of t h e  t r ans -  
mission environment ( i .e. ,  amplitude, phase, and f requency) .  The  e l e c t r o -  
magnetic s i g n a t u r e s  are important  because they  a f f e c t  s i g n a l  a c q u i s i t i o n ,  
v e h i c l e  t r ack ing ,  e f f e c t i v e  t r ansmi t t ed  s i g n a l  s t r e n g t h ,  and s c i e n t i f i c  
exp lo ra t ion .  
Recent s t u d i e s  by SRI and others2,3,4 i n d i c a t e  t h a t  a 
l i m i t a t i o n  t o  t h e  r ecep t ion  of d e e p  space s i g n a l s  on t h e  e a r t h  i s  the 
random f l u c t u a t i o n  i n  r e f r a c t i v i t y  of t h e  t r ansmiss ion  media. Time 
f l u c t u a t i o n s  i n  r e f r a c t i v i t y  cause phase j i t t e r ,  which reduces the  g a i n  
of l a r g e  antennas and t h e  s i g n a l  phase coherence i n  antenna a r r a y s  of 
large ape r tu re .  
an tannas  wi th  narrow beamwidths. 
Phase j i t t e r  a l s o  p r e s e n t s  a p o i n t i n g  problem f o r  l a r g e  
Phase j i t t e r  i n  t h e  t r ansmiss ion  medium near  t h e  bus w i l l  
c a n c e l  a long t h e  r e t u r n  s i g n a l  path, because t h e  conjugate  of t h e  phase 
j i t t e r  ( t h e  phase j i t t e r  along t h e  p i l o t  s i g n a l  path)  w i l l  be r a d i a t e d  
by the subaper tures  of t h e  r e t r o d i r e c t i v e  a r r a y .  The s p a t i a l  cha rac t e r -  
i s t i c  s c a l e s  of s i g n i f i c a n t  phase near t h e  bus a r e  expected t o  be l a r g e  
compared t o  t h e  s i z e  of a subaperture ,  and t h e  a s s o c i a t e d  t ime-varying 
* 
* 
I f  t h e  subaper ture  s ize  i s  l a r g e r  t han  t h e  c h a r a c t e r i s t i c  scales of 
phase j i t t e r ,  t h e  a s soc ia t ed  s igna l  phase summed over t h e  subaper ture  
would be random, and c a n c e l l a t i o n  could not  occur. This ,  however, i s  
not  a p r a c t i c a l  s i t u a t i o n  f o r  a r e t r o d i r e c t i v e  a r r a y  on a Mars bus. 
31 
. .  
r e f r a c t i v e  medium should be t i m e  coherent du r ing  t h e  s i g n a l  t r a n s i t .  
Far  away from the  bus, t h e  a s soc ia t ed  t ime-varying r e f r a c t i v e  medium 
may change du r ing  s i g n a l  t r a n s i t  t i m e ,  and t h e  phase j i t t e r  may not  
canc le  ( f o r  example, phase j i t t e r  induced by the  e a r t h ' s  atmosphere).  
Th i s  does not a f f e c t  coherent  s i g n a l  formation s i n c e  c h a r a c t e r i s t i c  
s c a l e s  of phase j i t t e r  w i l l  exceed the  s i z e  of t h e  r e t r o d i r e c t i v e  a r r ay ,  
and r ays  from subaper tures  w i l l  e s s e n t i a l l y  l i e  a long  t h e  same t r ans -  
mission path.  
Gross r e f r a c t i v e  c h a r a c t e r i s t i c s  of t h e  t r ansmiss ion  
environment are important i n  determining t h e  p o s i t i o n  and v e l o c i t y  of 
spacec ra f t  and i n  determining t h e  apparent angle  t o  r e c e i v e  a space- 
probe s i g n a l  ( p a r t i c u l a r l y  du r ing  t h e  ground s t a t i o n  a c q u i s i t i o n  phase) .  
Re f rac t ion  w i l l  cause t h e  bending of t h e  t ransmiss ion  pa th  from the 
geometr ical  d i r e c t i o n  and the  lengthening of t h e  t r ansmiss ion  pa th  i n  
excess  of t h e  geometr ical  pa th  length .  R e t r o d i r e c t i v e  a r ray  ope ra t ion  
does not e l imina te  g ross  r e f r a c t i v e  bending ( t h e  t r ansmiss ion  paths  of 
t h e  p i l o t  and r e t u r n  s i g n a l s  i s  unchanged). 
b. E a r t h ' s  Atmosphere 
The t ransmiss ion  environment of t h e  e a r t h ' s  atmosphere 
i s  s u b s t a n t i a l l y  documented i n  t h e  l i t e r a t u r e 2 J 3 J 4  and w i l l  no t  be re- 
viewed here. It i s  important t o  note  t h a t  t h e  c o r r e l a t i o n  t i m e s  of t h e  
random f l u c t u a t i o n s  i n  t h e  e a r t h ' s  r e f r a c t i v e  media ( t roposphere  and 
ionosphere)  a r e  less than  t h e  s i g n a l  t r a n s i t  t i m e  between Ea r th  and Mars 
(300 t o  1300 sec). 
miss ion  environment w i l l  not be equal  f o r  t h e  p i l o t  s i g n a l  pa th  and t h e  
r e t u r n  s i g n a l  path.  The g ross  r e f r a c t i v e  s i g n a t u r e  of t h e  ear th ' s  
t r ansmiss ion  environment may also not be equal  on the p i l o t  and r e t u r n  
pa ths .  The e a r t h  t e rmina l  antennas w i l l  be pointed i n  d i f f e r e n t  p a r t s  
of t h e  e a r t h ' s  atmosphere f o r  t ransmiss ion  and f o r  r ecep t ion  (for example, 
a d i f f e r e n c e  i n  e a r t h  e l e v a t i o n  angle  of 5 degrees) ,  and t h e  p i l o t  and 
r e t u r n  pa ths  may not  be equal  i n  length.  
Thus, phase j i t ter  induced by t h e  e a r t h ' s  trans- 
I t  i s  thus  concluded t h a t  r e t r o d i r e c t i v e  c a n c e l l a t i o n  of 
phase de l ays  along p i l o t  and r e t u r n  pa ths  w i l l  not be complete f o r  deep 
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space t o  e a r t h  a p p l i c a t i o n s .  Conceivably, t h e  phase de lay  s i g n a t u r e  
could be e l imina ted  for near  space and for capsule-to-bus a p p l i c a t i o n s .  
c. I n t e r p l a n e t a r y  Space 
Typica l  plasma c h a r a c t e r i s t i c s  of t h e  i n t e r p l a n e t a r y  
space a r e  summarized i n  Table  11. The s o l a r  i n t e r p l a n e t a r y  plasma i s  
Table I1 
TYPICAL PLASMA CHARACTERISTICS OF 
INTERPLANETARY S PACE4 
1 
S o l a r  I n t e r p l a n e t a r y  Magnetic F i e l d  
S t r eng th  - A t  1 A.U.,  average 2 or  3 gammas 0 t o  100 gammas 
Between 1 A.U. and 1.75 A.U. ,  average <3 gammas ( l a c k  
of d e f i n i t e  d a t a  exists a t  t h e s e  s o l a r  d i s t a n c e s ) .  
S t r eng th  depends upon s o l a r  a c t i v i t y .  F l u c t u a t i o n s  of one or two 
o rde r s  of magnitude occur, depending upon s o l a r  a c t i v i t y .  
1 
Solar-Wind Elec t ron  Streams 
M i n i m u m  Maximum 
S o l a r  E 1 ec  t r on E lec t ron  
Condit ion Gas Flow Dens it y G a s  Flow Densi ty  
3 Q u i e t  sun 600 km/sec 5 elec/cm3 25,500 km/sec 0 .12  elec/cm 
3 Disturbed sun 1500 km/sec 100 elec/cm3 63,000 km/sec 2.3 elec/cm 
Minimum Scale  of Electromagnet ic  I r r e g u l a r i t i e s  
> Gyro r a d i u s  of e l e c t r o n s  - 10 meters 
Gyro r a d i u s  of i ons  2 l k m  
Mean Free  Path of E lec t rons  and Ions 
seen t o  be weak r e l a t i v e  t o  t h e  magnetic f i e l d  and e l e c t r o n  d e n s i t y  i n  
t h e  e a r t h ' s  ionosphere.  The gyromagnetic frequency i n  t h e  e a r t h ' s  
atmosphere i s  1.42 M c ,  which i s  la rge  compared t o  t h e  gyromagnetic f re-  
quency i n  i n t e r p l a n e t a r y  space,  t y p i c a l l y  0 t o  300 cps.  The maximum 
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plasma frequency i n  t h e  e a r t h ' s  ionosphere i s  t y p i c a l l y  2 t o  20 M c ,  
which i s  a l s o  l a r g e  compared t o  t h e  plasma frequency i n  i n t e r p l a n e t a r y  
space, t y p i c a l l y  0 t o  90 kc. 
The long t ransmiss ion  pa ths  i n t o  deep space  have caused 
concern about t h e  i n t e g r a t e d  e f f e c t s  of r e f r a c t i o n ,  RF a t t e n u a t i o n ,  and 
Faraday r o t a t i o n  i n  t h e  i n t e r p l a n e t a r y  medium, even though t h e  u n i t  
plasma i n  i t  i s  weak. Considerable  d a t a  concerning t h e  gross t r a n s -  
mission c h a r a c t e r i s t i c s  of t h e  i n t e r p l a n e t a r y  medium a r e  a v a i l a b l e .  
Summarizing from Ref. 6, t h e  eva lua t ion  of g ross  c h a r a c t e r i s t i c s  a r e :  
Refraction--The t ransmiss ion  pa th  l e n g t h  a t  S-band 
v a r i e s  r e l a t i v e  t o  t h e  geometr ica l  pa th  l e n g t h  by 
less than  1 p a r t  i n  10 / s e c ;  t h e  d i f f e r e n c e  be- 
tween t h e  t ransmiss ion  and geometr ica l  pa th  l eng ths  
i s  less than  2 p a r t s  i n  lo6 a t  l a r g e  ranges .  
13 
RF Attenuation--The RF a t t e n u a t i o n  of S-band s i g n a l s  
i s  less than  a t o t a l  of 1 dB a t  d i s t a n c e s  a s  high 
a s  200 X 10 . 6 
Faraday Rotation--The amount of power coupled from 
one mode of p o l a r i z a t i o n  t o  t h e  o t h e r  m o d e  of 
p o l a r i z a t i o n  on a round- t r ip  Venus-Earth pa th  is  
less than  31dB a t  S-band; t hus ,  r o t a t i o n  of t h e  
plane of p o l a r i z a t i o n  i s  l e s s  t h a n  0 . 1  pe rcen t .  
The above d a t a  r e p r e s e n t s  a cons iderable  s p a t i a l  and temporal coverage 
of i n t e r p l a n e t a r y  space and should be r e p r e s e n t a b l e  a s  t y p i c a l  r e s u l t s .  
Unfor tuna te ly ,  no c o r r e l a t i o n  has been made wi th  s o l a r  a c t i v i t y .  The 
effects could conceivably be l a r g e r  f o r  extreme s o l a r  a c t i v i t y .  
The d i f f e r e n c e  between t r ansmiss ion  and geometr ica l  pa th  
l e n g t h s  i s  much l a r g e r  f o r  t h e  i n t e r p l a n e t a r y  medium (k i lome te r s )  t han  
f o r  t h e  e a r t h ' s  ionosphere ( t e n  t o  hundreds of meters ) .  From an engin- 
e e r i n g  poin t  of view, r e f r a c t i o n  does  not l i m i t  ground-based r a d i o  gui-  
dance of spacef ra f  t . * 
* 
The ground-based r a d i o  guidance of s p a c e c r a f t  i s  accomplished by ob- 
t a i n i n g  range and v e l o c i t y  d a t a  from doppler  s i g n a t u r e s  i n  t h e  t e l eme t ry  
s i g n a l .  The angle  d a t a  i s  obtained from antenna p o i n t i n g  d a t a  and from 
t h e  cumulative matching of t h e  range and v e l o c i t y  d a t a  w i t h  t h e o r e t i c a l  
t r a j e c t o r i e s .  
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The e f f e c t s  of random f l u c t u a t i o n s  i n  t h e  r e f r a c t i v e  
index of t h e  i n t e r p l a n e t a r y  medium a r e  d i f f i c u l t  t o  a s s e s s .  Normally, 
t h e  effects of f l u c t u a t i o n s  i n  t h e  i n t e r p l a n e t a r y  medium should be 
hidden by t h e  e f f e c t s  of f l u c t u a t i o n s  i n  t h e  e a r t h ' s  ionosphere.  Only 
under d i s tu rbed  cond i t ions  and when cont inuous blob s t r u c t u r e  ex is t s  
through Ear th  p l ane t  space w i l l  t h e  f l u c t u a t i o n s  i n  t h e  i n t e r p l a n e t a r y  
medium be comparable t o  f l u c t u a t i o n s  i n  t h e  normal ionosphere.  I t  i s  
conce ivable  t h a t  t h e  e f f e c t s  of random f l u c t u a t i o n s  (and o t h e r  anomolies) 
i n  t h e  i n t e r p l a n e t a r y  medium are s o  r a r e  i n  occurrences and s e v e r i t y  
t h a t  t h e  e f f e c t s  are insepa rab le  from ionospher ic  e f f e c t s  measured by 
senso r s  on t h e  e a r t h ' s  su r f ace .  The i n t e r p l a n e t a r y  medium i s  being 
s t u d i e d  through experiments on Pioneer s p a c e c r a f t .  
d .  Mars' AtmosDhere 
The t ransmiss ion  environment i n  t h e  atmosphere of Mars 
has  no t  been exper imenta l ly  def ined .  F i n a l  r e s u l t s  of t h e  r ecen t  Mariner 
r a d i o  o c c u l t a t i o n  experiment7 ,8 have not  ye t  been publ ished.  
occu la t ion  experiment was concerned wi th  t h e  measurement of r e f r a c t i v e  
e f f e c t s  i n  t h e  e lec t romagnet ic  s i g n a t u r e s  of t h e  bus-to-earch s i g n a l  a t  
o c c u l t a t i o n .  Re f rac t ive  e f f e c t s  i n  t h e  amplitude,  phase, and doppler  
s i g n a t u r e s  of t h e  rece ived  s i g n a l  were t o  be  used t o  deduce s u r f a c e  
p r e s s u r e  and scale he ight  i n  t h e  lower atmosphere and t o  deduce ion iza-  
t i o n  and scale he ight  i n  t h e  Martian ionosphere.  Unconfirmed r e p o r t s  
concerning t h e  experiment have not  i nd ica t ed  g ross  e f f e c t s  i n  excess  of 
what would be expected from an ear th  m o d e l .  
e lectron d e n s i t y  about 0 .1  t h a t  of t he  e a r t h  has been ind ica t ed .  The 
lower atmosphere is  bel ieved t o  be composed almost e n t i r e l y  of carbon 
The r a d i o  
A cool  ionosphere wi th  an 
d iox ide ,  and 
p r e s s u r e  and 
pec ted  could 
5 t h a n  t h e  10 
a s u r f a c e  p re s su re  of 6 m b  i s  now pos tu l a t ed .  
There i s  specu la t ion  t h a t  recent  estimates of low s u r f a c e  
t h a t  l a r g e r  amounts of C02 and less amounts of N 
cause a l a r g e r  e l e c t r o n  d e n s i t y  i n  t h e  Mart ian ionosphere 
than ex- 
2 
n 
elec/cm' pos tu l a t ed  f r o m  an atmospheric m o d e l  wi th  a sur -  
f a c e  p re s su re  of 85-mb and a composition conta in ing  83-mb N 
C02.9>10 
and 2-mb 
2 
Thus, r e f r a c t i v e  e f f e c t s  d u e  t o  t h e  ionosphere could mask t h e  
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r e f r a c t i v e  effects of t h e  lower atmosphere and cause erroneous p r e d i c t i o n  
of s u r f a c e  p re s su re  and s c a l e  he ight  i n  t he  lower atmosphere. Resu l t s  
of t h e  rad io-occula t ion  experiments d o  not  provide exac t  s u r f a c e  p r e s s u r e ,  
because no abso lu te  a l t i t u d e  s c a l e  is  a v a i l a b l e .  
The e f f e c t s  of r e t r o d i r e c t i v e  antenna ope ra t ion  on a 
s imilar  Mars occu la t ion  experiment should be reviewed. 
Magnetometer and t r apped- rad ia t i  on measurements of t he  
Mariner f ly-by have ind ica t ed  t h a t  no magnetic f i e l d  e x i s t s  nea r  Mars 
i n  excess  of t h e  ambient magnetic f i e l d  of i n t e r p l a n e t a r y  space.  Thus, 
t h e  t ransmiss ion  environment i n  t h e  Martian ionosphere should be reci- 
p roca l .  The e f f e c t s  of Faraday r o t a t i o n ,  of an i so t ropy  due t o  f i e l d -  
a l igned  i o n i z a t i o n ,  and of o the r  phenomena induced by t h e  magnetic f i e l d  
and magnetic d i s tu rbances  observed i n  e a r t h ' s  ionosphere w i l l  not  occur 
i n  t h e  Martian ionosphere (or i n  i n t e r p l a n e t a r y  space ) .  
I t  i s  expected t h a t  e lec t romagnet ic  s i g n a t u r e s  of t h e  
Mart ian atmosphere w i l l  be obtained from t h e  capsule-to-bus t e l e m e t r y  
s i g n a l .  I n t e r p r e t a t i o n  of t h e  s igna tu re ,  however, may be complicated 
by u n c e r t a i n t i e s  i n  t h e  e n t r y  environment. P r a c t i c a l  r e t r o d i r e c t i v e  
arrays would r e q u i r e  f r equenc ie s  a t  which t h e  wavelength i s  much less 
than  t h e  v e h i c l e  dimensions. 
promise measurements of Martian ionosphere,  s i n c e  ionospher ic  effects  
a t  t h e s e  f r equenc ie s  would be p r a c t i c a l l y  n e g l i g i b l e .  
Such f requencies  (2 100 M c )  would com- 
2. Entry Capsule 
a .  Background 
During atmospheric braking e n t r y  a plasma shea th  i s  
formed around t h e  veh ic l e .  A wake o r  t r a i l  i s  a l s o  formed i n  t h e  r ea r -  
ward void of t h e  veh ic l e .  Ion iza t ion  i n  t h e  shea th  around the  v e h i c l e  
arises from' t h r e e  sources  : thermal i o n i z a t i o n  caused by t h e  compressive 
shock wave, thermal  i o n i z a t i o n  generated by v iscous  e f f e c t s  i n  t h e  boun- 
dary  l a y e r ,  and chemical i o n i z a t i o n  produced as a b l a t i v e  heat-shield 
material  i s  introduced i n t o  t h e  boundary layer .  During e n t r y  t h e  wake 
behind t h e  v e h i c l e  t ransforms from laminar flow t o  tu rbu len t  f low and 
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* * * 
10 mb 25 mb 40 mb 
(percent )  (percent )  (percent )  
60 16 16 8 7 
20 76 8 45 88 
20 8 76 47 5 
I 
t h e  i o n i z a t i o n  c h a r a c t e r i s t i c s  become _urbulen  . I f  p ropuls ive  slowing 
down of t h e  bus i s  employed, i o n i z a t i o n  is  a l s o  c rea t ed  by rocket  
exhaus ts  . 
* * * 
41  mb 133 mb 85 mb 
(percent )  (percent )  (percent  
0.7 7.2 0.3 
98.7 86.8 98.5 
0.6 6 .O 1 . 2  
U s u a l l y  e l e c t r o n  dens i ty  i n  t h e  shea th  around an e n t r y  
v e h i c l e  i s  p red ic t ed  by thermal  i o n i z a t i o n  caused by t h e  compressive 
shock waves. The c h a r a c t e r i s t i c s  of t h e  compressive shock wave a r e  de- 
termined by t h e  gas  composition of the  atmosphere, by t h e  s t r u c t u r e  of 
t h e  atmosphere, by t h e  e n t r y  f l i g h t  p r o f i l e ,  and by t h e  phys ica l  para- 
meters of t h e  e n t r y  veh ic l e .  
b. Martian Atmosphere Models 
Defining t h e  gas composition of t h e  Martian atmosphere 
from Earth-based astronomy i s  l imi ted  by atmospheric a t t e n u a t i o n  and 
t h e  r a d i a t i n g  bands of poss ib l e  spec ies .  Only carbon d iox ide  (CO ) and 
water vapor (H 0) have been p o s i t i v e l y  i d e n t i f i e d .  Nitrogen (N2) and 
argon (A) have been proposed as other  c o n s t i t u e n t s  of t h e  atmosphere. 
The gas  compositions of va r ious  models of t h e  Martian atmosphere a r e  
g iven  i n  Table  111, below. 
2 
2 
Table I11 
VOLUMETRIC COMPOSITION OF MARTIAN ATMOSPHERE 
Kaplan' ' I Spiegel12 ~ I devaucouleurs' ' 
* 
s u r f  ace p res su re  
The dense atmospheres, 4 1  t o  133 mb, are based on op t i -  
cal  measurements,'" ,13 assuming a purely Rayleigh s c a t t e r i n g  atmosphere, 
and a re  be l ieved  t o  be upper bounds. The t h i n n e r  atmospheres, 10 t o  
40 mb, are based spec t roscop ic  observat ion of t h e  CO conten t  i n  t h e  2 
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Mars atmosphere.” 
of a s i n g l e  photographic plate,  t hus  reducing t h e  r e l i a b i l i t y  of t h e  
r e s u l t s . )  Unconfirmed r e p o r t s  of the Mars o c c u l t a t i o n  experiment po in t  
t o  a 6- t o  10-mb s u r f a c e  pressure ,  t h e  lower va lue  being favored .  
(Unfortunately,  t hese  models are based on a n a l y s i s  
The atmospheric s t r u c t u r e  as a f u n c t i o n  of a l t i t u d e  above 
Mars i s  e i t h e r  pos tu l a t ed  on t h e o r e t i c a l  cons ide ra t ions  o r  i s  s imulated 
from t h e  e a r t h ’ s  s t r ~ c t u r e . ’ ~ , ‘ ~  
i n  a d d i t i o n  t o  u n c e r t a i n t i e s  i n  su r face  cond i t ions ,  compound the  un- 
c e r t a i n t y  i n  man’s knowledge of t h e  Martian atmosphere. For example, 
t h e  decrease  of gas  d e n s i t y  from t h e  s u r f a c e  t o  an a l t i t u d e  of 120 km 
may be two o rde r s  of magnitude f o r  one model and s i x  o r d e r s  of magnitude 
f o r  another  model .I6 
This unce r t a in ty  i n  a l t i t u d e  s t r u c t u r e ,  
Models of t h e  Martian atmosphere are  c e r t a i n l y  not  con- 
c l u s i v e ,  and t h e  concurr ing  problems i n  mission des ign  a r e  f r e q u e n t l y  
d iscussed  i n  t h e  l i t e r a t u r e .  
on s u r f a c e  p re s su re  observa t ions  of Kaplan (P  = 25 f 15 m b  a s  compared 
t o  1031 a t  t h e  e a r t h ’ s  su r face )  and on a l t i t u d e  s t r u c t u r e  presented by 
Levin. 
NASA engineer ing  models1* tend t o  be based 
c. Electromagnet ic  Blackout 
A measure of t h e  ex i s t ence  of e lec t romagnet ic  blackout ,  
which occurs  when t h e  c r i t i c a l  plasma frequency exceeds t h e  s i g n a l  fre- 
quency, i s  usua l ly  p red ic t ed  us ing  normal shock parameters  and e q u i l i -  
brium e l e c t r o n  d e n s i t i e s  f o r  t h e  var ious  pos tu l a t ed  atmospheric  models. 
The plasma frequency has beeil przdic ted  as a f u n c t i c n  of a l t i t u d e  and 
shock speed. 
i n  t h e  s t a g n a t i o n  region.  
a l l y  decreases r a p i d l y  when plasma cond i t ions  i n  t h e  s t a g n a t i o n  r eg ion  
decrease rap id ly .  
t i o n  of capsu le  motion can i n d i c a t e  f requency-sens i t ive  e f f e c t s  on 
propagat ion  and bus-to-capsule communication i n  o t h e r  d i r e c t i o n s .  Usu- 
a l l y  an  o rde r  of magnitude o r  l o s s  decrease  i n  plasma frequency is 
assumed f o r  t ransmiss ion  a t  t h e  s i d e  o r  back of t h e  capsule .  
Th i s  approximation of blackout  a p p l i e s  t o  b lun t  bodies  
However, plasma d e n s i t y  around a body gener- 
Thus, a measure of plasma frequency a long  t h e  d i r e c -  
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E f f e c t s  of e n t r y  plasma on communications are not  e a s i l y  
p r e d i c t a b l e .  Idea l i zed  propagat ion concepts ,  such as plane-wave pro- 
pagat ion,  can be completely inadequate t o  d e s c r i b e  propagat ion i n  e n t r y  
plasma. The c r i t i c a l  plasma frequency, a measure of blackout e f f e c t ,  
is  usua l ly  based on r e f l e c t i o n  f o r  plane-wave propagat ion.  S igna l  de- 
g rada t ions  can be l a r g e  when e l e c t r o n  d e n s i t i e s  are lower than  t h e  
c r i t i c a l  f o r  t h e  frequency used. 
Equi l ibr ium e l e c t r o n  d e n s i t y  f o r  Kaplan and Speige l  models 
of t h e  Mart ian gas compositions are a v a i l a b l e  from t h e  l i t e r a tu re .  Black- 
out  parameters f o r  Sp iege l  models have been p l o t t e d  using appropr i a t e  
shock parameters.” 
frequency by B e u f , l s  
v e l o c i t i e s  g r e a t e r  t han  20,000 f t / s e c  a t  160,000 f e e t ,  and g r e a t e r  t han  
15,000 f t / s e c  a t  100,000 f e e t .  
no t  appear  t o  exis t  f o r  speeds less than  10,000 f t / s e c  a t  any a l t i t u d e .  
However, f o r  t h e  denser  1 3 3 - m b  Spiegel  model, speeds less than  M 7000 
t o  8000 f t / s e c  are necessary i f  f requencies  of 100 Mc are not  t o  be 
s e v e r e l y  a t t e n u a t e d  du r ing  e n t r y .  
Considering, f o r  i n s t ance ,  t h e  100-Mc t r ansmiss ion  
blackout occurs i n  t h e  41-mb Speige l  model f o r  
Blackout cond i t ions  f o r  t h i s  model do  
Unfortunately,  shock parameters  f o r  t h e  Kaplan models of 
t h e  Mart ian atmosphere have not  been found i n  t h e  l i t e r a t u r e  search. 
However, i n  R e f .  20 blackout  has  been s tud ied  us ing  an 1 1 - m b  a tmospheric  
m o d e l  and a composition of 40-percent N2, 30-percent CO and 30-percent 
A .  T h i s  m o d e l  i s  roughly equal  t o  t h e  low-pressure Kaplan model. I n  
Ref. 20, blackout was considered f o r  a tmospheric  braking a t  e n t r y  ang le s  
of 20 and 90 degrees .  
f e e t  and a b a l l i s t i c  parameter of 0 . 2  s l u g s / f t -  were assumed. 
3 
d e n s i t i e s  as h igh  as elec/cm i n  and nea r  t h e  s t agna t ion  r eg ion  
were predic ted .  A two-order-of-magnitude decrease i n  d e n s i t y  i n  the wake 
w a s  p red ic ted ,  assuming f rozen  i s o t r o p i c  expansion. Blackout ex t in -  
gu i shes  sharp ly  a t  an a l t i t u d e  of 60,000 feet  f o r  t h e  90 degree e n t r y  
ang le ,  and extends below 60,000 f e e t  f o r  t h e  20 degree e n t r y  angle .  
Blackout i n  t h e  s t a g n a t i o n  reg ion  is  shown t o  begin a t  530,000 f e e t  f o r  
bo th  e n t r y  angles ,  assuming an RF frequency of 2300 M c .  For  a 100-Mc 
2’ 
An e n t r y  v e l o c i t y  of 26,600 f t / s e c  a t  656,000 
3 
Elec t ron  
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s i g n a l ,  blackout i s  shown t o  begin a t  t h e  e n t r y  a l t i t u d e  of 656,000 feet .  
Ion iza t ion  by a b l a t i o n  products  could extend blackout t o  lower a l t i t u d e s .  
d .  Unce r t a in t i e s  
If t h e  surface pressure  i s  6 mb (and t h e r e  i s  i n c r e a s i n g  
evidence f o r  i t ) ,  t h e  blackout pred ic ted  i n  Ref. 20 would extend p r a c t i -  
c a l l y  t o  t h e  su r face .  Thus, propuls ive braking may be requi red  t o  slow 
t h e  e n t r y  capsule  down and t o  e l imina te  b lackout .  
however, creates i o n i z a t i o n  through rocket  exhaus ts ,  and t ransmiss ion  
through t h e  rocket  exhaust environment must be cons idered .  An a l t e r n a -  
t i v e  t o  propuls ive  brak ing  is  t o  modify t h e  plasma, f o r  i n s t a n c e  by t h e  
i n j e c t i o n  of a h igh-e lec t ron  a f f i n i t y  f l u i d  i n t o  t h e  shea th .  Such a 
f l u i d ,  carbon te t rochlor i .de,  has  been proposed f o r  reducing t h e  e l e c t r o n  
d e n s i t y  i n  t h e  wake of an e n t r y  vehicle .20,22 
Propuls ive  braking,  
It  i s  apparent  t h a t  blackout p red ic t ions  a r e  very un- 
c e r t a i n ,  because l i t t l e  is  known about t h e  atmospheric  c o n s t i t u e n t s  and 
t h e  recombination rates of e l e c t r o n s  i n  t h e  f low processes .  Unce r t a in t i e s  
about t h e  i o n i z a t i o n  e f f e c t s  of a b l a t i v e  material a l s o  e x i s t ,  and plasma 
mod i f i ca t ion  and propuls ive  brak ing  compound these u n c e r t a i n t i e s .  The 
u n c e r t a i n t i e s  i n  t h e  e n t r y  environment l i m i t  e lec t romagnet ic  techniques  
t o  measuring a l t i t u d e  ( r a d i o  a l t i m a t e r  and r a d i o  ranging)  and v e l o c i t y  
(doppler ) .  The i n t e r p r e t a t i o n  of environmental c h a r a c t e r i s t i c s  from 
e l ec t romagne t i c  s i g n a t u r e s  i s  a l s o  l i m i t e d .  
Even when t h e  i o n i z a t i o n  around t h e  capsu le  f a l l s  below 
t h e  blackout  l e v e l ,  v i scous  e f f e c t s  i n  t h e  boundary l a y e r  and turbulence  
i n  t h e  wake must be considered i n  regard t o  mul t ipa th  f l u c t u a t i o n s  i n  
ampli tude and phase. C h a r a c t e r i s t i c  scales of tu rbulence  near  t h e  r e t r o -  
d i r e c t i v e  antenna may be smaller than the  s i z e  of subaper tures  i n  t h e  
a r r a y .  Thus, t h e  a s soc ia t ed  phase j i t t e r  summed over t h e  subaper ture  
may be random, and re t rd i rec t ive  phase c a n c e l l a t i o n  may not  occur.  
Mul t ipa th  ampli tude f ad ing  may a l s o  exis t  f o r  t ransmiss ion  through t h e  
v i scous  and t u r b u l e n t  e n t r y  plasma. The phase and amplitude f l u c t u a -  
t i o n s  would be s imilar  t o  t h e  f l u c t u a t i o n s  i n  HF and VHF s i g n a l s  pro- 
paga t ion  through t h e  ear th 's  ionosphere. The f l u c t u a t i o n s ,  however, 
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should have a h ighe r  f requency than  t h e  v e h i c l e  doppler  s h i f t .  
t h e  f l u c t u a t i o n s  may i n t e r f e r e  wi th  doppler  measurements. F luc tua t ion  
effects  would be d i f f i c u l t  t o  eva lua te  t h e o r e t i c a l l y ,  and an experimental  
i n v e s t i g a t i o n  would be requi red .  
Thus ,  
The mod i f i ca t ion  of antenna p a t t e r n s  and impedance du r ing  
e n t r y  and t h e  r a d i o  no i se  generated by thermal  e f f e c t s  subsequent t o  
b lackout  are important cons ide ra t ions  f o r  an e n t r y  communication system. 
These parameters,  no t  e a s i l y  ca l cu la t ed ,  can be s t u d i e d  i n  t h e  l abora to ry  
us ing  s imula t ion  techniques.  Di f fe rences  between theory  and experiment 
can be cons iderable .  During e n t r y ,  t h e  antenna nea r  f i e l d s  a l t e r  t h e  
antenna impedance and f a r - f i e l d  r a d i a t i o n  c h a r a c t e r i s t i c s  by (1) d i s s i -  
p a t i n g  energy normally s t o r e d  i n  near f i e lds  and (2) r e d i s t r i b u t i n g  
near  f i e lds  and s u r f a c e  cu r ren t s ,  i n  a d d i t i o n  t o  t h e  usual  wave a t tenua-  
t i o n .  
sured .  These decreases are caused by t h e  nea r - f i e ld  effects  a lone  a t  
plasma f r equenc ie s  less than  ~ r i t i c a l . " ~  924 
Decreases i n  f a r - f i e l d  r a d i a t i o n  exceeding 10 dB have been mea- 
Adaptive antenna opera t ion  and r e t r o d i r e c t i v e  antenna 
g a i n  w i l l  have t o  be measured i n  simulated plasmas t o  prove t h e  adapt- 
a b i l i t y  of t h e  adap t ive  concept t o  e n t r y  capsules .  The e f f e c t s  of abla-  
t i o n  are important  r e l a t i v e  t o  d e s t r u c t i v e  e f f e c t s  on t h e  r e t r o d i r e c t i v e  
antenna as w e l l  as i n c r e a s i n g  i o n i z a t i o n  i n  t h e  plasma. 
I n  eva lua t ing  t h e  opera t ion  of a r e t r o d i r e c t i v e  antenna 
on an  e n t r y  capsule ,  p l ane ta ry  r e f l e c t i o n s  w i l l  be of cons ide rab le  
s i g n i f i c a n c e .  
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I11 ANALYSIS 
A. THE CYLINDRICAL GEODESIC LENS ANTENNA 
The resul ts  s o  f a r  obtained from t h i s  antenna appear very encouraging.  
The p a r t i c u l a r  antenna conf igu ra t ion  f o r  which resu l t s  s o  f a r  have been 
computed, namely t h e  b i c o n i c a l  horn antenna,  does not  a t  p re sen t  appear  
t o  be a p r a c t i c a l  device  f o r  achieving maximum ERP, p a r t i c u l a r l y  i f  only 
a narrow a x i a l  plane beamwidth is necessary.  R e s u l t s  s o  f a r  ob ta ined  
i n d i c a t e  t h a t  t h e  maximum ERP i s  p ropor t iona l  t o  t h e  a x i a l  p lane  ga in  
m u l t i p l i e d  by t h e  number of e lemental  t r a n s m i t t e r s .  However, a high 
a x i a l  p lane  ga in ,  i . e . ,  a narrow v e r t i c a l  beamwidth, can only be t o l e r -  
a t e d  when t h e  d e s i r e d  d i r e c t i o n  of t ransmiss ion  can be def ined  w i t h i n  
comparably narrow l i m i t s .  Th is  impl ies  t h a t  t h e  d e s i r e d  sp in -ax i s  
o r i e n t a t i o n  must  be w e l l  maintained,  and i f  t h e  same adap t ive  antenna 
i s  t o  be used on t h e  bus for communication t o  both t h e  e a r t h  and t h e  
capsu le ,  t h a t  a l l  t h e  o r b i t a l  pa ths  must be e s s e n t i a l l y  i n  t h e  same plane.  
It is p o s s i b l e  t o  s t a c k  two o r  more antennas of t h e  type  so f a r  
d i scussed  i n  o rde r  t o  c o n t r o l  beam po in t ing  i n  t h e  v e r t i c a l  o r  a x i a l  
p lane  as w e l l  as i n  t h e  azimuthal  plane. 
t o  be any g r e a t  advantage t o  t h i s ,  s i n c e  the ERP would s t i l l  be pro- 
p o r t i o n a l  t o  t h e  a x i a l  ga in  of one of t h e  s tacked  antennas ( a l l  of which 
a r e  assumed t o  be equal )  mu l t ip l i ed  by t h e  t o t a l  number of e lementa l  
t r a n s m i t t e r s .  Thus, a x i a l  s t a c k i n g  of antennas w i l l  probably not  be 
cons idered  any f u r t h e r .  
However, t h e r e  does not  appear  
I f  t h e  d i r e c t i o n  of t ransmiss ion  o r  r ecep t ion  of t h e  adap t ive  
an tenna  does not  l i e  c l o s e  t o  t h e  plane perpendicular  t o  t h e  a x i s  of 
sp in ,  t h e  b i c o n i c a l  antenna could be q u i t e  s a t i s f a c t o r y .  However, f o r  
t h e  p re sen t  it i s  being assumed t h a t  a somewhat h igher  ga in ,  o r  narrow 
a x i a l  p lane  beamwidth, i s  desired, and t h i s  is  why work i s  progress ing  
on a n a l y s i s  of t h e  d i f f e r e n t  t ype  of antenna shown i n  Fig.  2. The gen- 
e r a l  r e s u l t s  a r e  expected t o  be somewhat similar t o  those  shown i n  Table  I 
f o r  the b i c o n i c a l  antenna;  however, g r e a t e r  c a r e  with assumptions i s  
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considered necessary  wi th  t h e  discrete l ine-source  r a d i a t o r  antenna, 
t h e r e f o r e  many more computations are requ i r ed  before  a s i n g l e  antenna 
pat tern i s  achieved.  
The r e s u l t s  shown i n  Table  I, where t h e  antenna ga in  i s  computed 
by s e v e r a l  d i f f e r e n t  methods,does i n d i c a t e  a s a t i s f a c t o r y  degree of 
cons is tency  and g ives  confidence i n  t h e  r ise  of s i m i l a r  techniques  f o r  
a n a l y s i s  of o the r  antenna conf igura t ions .  Aspects which have not  y e t  
been i n v e s t i g a t e d  are t h e  e f f e c t s  of s a t e l l i t e  s p i n  ra te  and RF band- 
wid ths ;  t h e s e  are e v i d e n t l y  of some consequence because of t h e  r ap id  
changes i n  amplitude and phase expected wi th in  any antenna of t h e  gen- 
eral  type  now being considered.  Reference t o  Fig.  4 shows how r a p i d l y  
t h e s e  f u n c t i o n s  vary as a f u n c t i o n  of azimuthal  ang le  Y. 
The computer programs have been expres s ly  designed for t h e  i n v e s t i -  
g a t i o n  of t h e  e f f e c t s  of f requency change, or bandwidth, because R,  which 
i s  p ropor t iona l  t o  f requency,  i s  t h e  only b a s i c  parameter which i s  de- 
pendent on frequency.  The r i p p l e s  which appear i n  t h e  so-ca l led  pseudo- 
omni p a t t e r n  w i l l  t end  t o  l i m i t  t h e  e f f e c t i v e  ope ra t ing  bandwidths of 
t h e  antenna,  and when combined wi th  s p i n  of t h e  antenna w i l l  impose 
l i m i t a t i o n s  on t h e  ope ra t ion  of any phase-lock loops which may be em- 
ployed i n  t h e  adap t ive  c i r c u i t r y .  This  is  p a r t i c u l a r l y  t r u e  i f  t h e  
antenna is  used as a se l f - adap t ive  r ece iv ing  antenna. 
One of t h e  s i g n i f i c a n t  p o i n t s  t o  emerge from the  s tudy so f a r  i s  
t h a t  t h e  maximum ERP of any antenna which can be phased t o  direct  i t s  
beam i n  m y  szixyrithal d i r e c t i o n  i s  obtained when mniaz imutha l  elements 
are used, provided t h e  elements d o  not have any mutual coupl ing or 
b lock ing  e f f e c t s .  
w e l l  s epa ra t ed  from each o the r .  Such s e p a r a t i o n  i s  not  always p o s s i b l e  
o r  p r a c t i c a l ,  and a s tar t  i s  being made on t h e  i n v e s t i g a t i o n  of somewhat 
more p r a c t i c a l  (and t h e r e f o r e  mutually coupled) a r r a y s  of omniazimuthal 
e lements  . 
This  i s  t h e o r e t i c a l l y  poss ib l e  i f  t h e  elements  a r e  
B. THE ENVIRONMENTAL EFFECTS 
Much of t h e  a n a l y s i s  of t h i s  problem has been included i n  Sec.  I1 
of t h i s  r e p o r t .  The fo l lowing  is a summary of t h e  s i g n i f i c a n t  po in t s .  
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I 
. a  
I t  i s  apparent  t h a t  environmental  c o n s t r a i n t s  on r e t r o d i r e c t i v e  
a r r a y  ope ra t ion  are more s e r i o u s  f o r  t h e  e n t r y  capsu le  than  f o r  t h e  
o r b i t i n g  or f ly-by bus. Electromagnet ic  s i g n a t u r e s  (amplitude,  phase, 
and frequency) f o r  t he  ear th-bus l i n k  a r e  r e a d i l y  c a l c u l a t e d  wi th in  
I 
I reasonable  l i m i t s .  The effects of p lane tary  r e f l e c t i o n s  a r e  an important 
, t i o n s  of t h e  e lec t romagnet ic  s igna tu res  f o r  t h e  capsule-bus l i n k  a r e  not 
cons ide ra t ion  f o r  t h e  ear th-bus l i n k  and r e q u i r e  i n v e s t i g a t i o n .  Descr ip-  
I 
e a s i l y  def ined ,  owing t o  u n c e r t a i n t i e s  i n  t h e  atmospheric  s t r u c t u r e  and 
composition, u n c e r t a i n t i e s  i n  t h e  c h a r a c t e r i s t i c s  of t h e  e n t r y  plasma 
surrounding t h e  capsule ,  and t h e  p lane tary  r e f l e c t i o n s .  A plane-wave 
model does not  e x i s t  i n  t h e  e n t r y  plasmas, t hus  e v a l u a t i o n  of r e t r o -  
d i r e c t i v e  antenna opera t ion  of t h e  en t ry  capsu le  w i l l  r e q u i r e  measure- 
ment i n  s imulated environments. Unsolved problems of thermal  i o n i z a t i o n  
by a b l a t i o n ,  of plasma modi f ica t ion  by chemical e j e c t a n t s ,  and of ion iza-  
t i o n  by rocket  exhaus ts  complicate  any c h a r a c t e r i s t i c s  of t h e  e n t r y  
environment. 
C. SYSTEM ASPECTS 
N o  s e r i o u s  s tudy  has  y e t  been given t o  t h e  s y s t e m  a s p e c t s  of an 
i n t e r p l a n e t a r y  mission us ing  se l f -adapt ive  antennas,  b u t  a s t a r t  w i l l  
be made s h o r t l y .  One of t h e  f i r s t  problems i s  t o  determine what fre- 
quency should be used between t h e  bus and capsule ,  and t h e r e  a r e  some 
good reasons  f o r  us ing  a frequency c lose  t o  t h e  S-band l i n k  from e a r t h  
t o  t h e  bus .  I n  t h i s  way it  i s  hoped t o  use t h e  same bus antenna f o r  
communicating w i t h  both t h e  capsu le  and e a r t h .  U s e  of such a high f re-  
quency would imply t h a t  the capsule  should a l s o  have an adapt ive  antenna 
Because range and range rate have proved t o  be such powerful t o o l s  
f o r  s o l v i n g  many measurement problems, p a r t i c u l a r l y  deep space probes, 
g r e a t  care w i l l  be taken  t o  ensure  t h a t  t h e  accuracy of t h e s e  measure- 
ments i s  not  l o s t .  I t  should be noted t h a t  t o  a f i r s t  approximation 
t h e r e  i s  no  doppler  s h i f t  apparent  from a moving r e t r o - r e f l e c t i v e  a r r a y  
an tenna  which uses  conjugate  networks t h a t  opera te  from a s e l f - s t a b i l i z e d  
l o c a l  o s c i l l a t o r  having a frequency of twice t h e  rece ived  (and t h e r e f o r e  
t h e  t r a n s m i t t e d )  frequency. One method of r e t a i n i n g  t h e  doppler  in format ion  
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i s  t h e r e f o r e  t o  s t a b i l i z e  t h e  l o c a l  o s c i l l a t o r  by means of t h e  incoming 
I s i g n a l ,  which i s  a l r eady  s h i f t e d  by t h e  one-way doppler  f requency.  
The computational i n v e s t i g a t i o n s  made s o  f a r  have been concerned 
w i t h  an antenna used i n  t h e  r e t r o d i r e c t i v e  m o d e ,  b u t  i n  t h e  f u t u r e  con- 
s i d e r a t i o n  w i l l  be given t o  t h e  a n a l y s i s  of s imilar  antennas when used 
a s  s e l f - adap t ive  r e c e i v i n g  antennas.  Such antennas should a l s o  be a b l e  
t o  g ive  informat ion  about t h e  d i r e c t i o n  of a r r i v a l  of incoming s i g n a l s .  
Although i t  i s  not  expected t o  be near ly  as  accu ra t e  as data  obtained 
from range- ra te  information,  t h i s  information can be used as nav iga t iona l  
in format ion  and a l s o ,  perhaps, f o r  c o n t r o l l i n g  l o g i c  t o  switch out t hose  
antenna elements  t h a t  are not c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  t h e  main beam. 
Th i s  i s  another  way of making an antenna which can poin t  i t s  main beam 
i n  any azimuthal  d i r e c t i o n  while  maintaining DC t o  R F  conversion e f f i c i -  
ency. Such an arrangement does, however, r e q u i r e  t o t a l  a m p l i f i e r  capac i ty  
two or t h r e e  t i m e s  as g r e a t  as the power being r a d i a t e d  a t  any i n s t a n t .  
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IV PROGRAM FOR NEXT QUARTER 
Analys is  of a more p r a c t i c a l  adapt ive  antenna f o r  a s p i n - s t a b i l i z e d  
v e h i c l e  w i l l  be made. Some of t h e  s impl i fy ing  assumptions prev ious ly  
made w i l l  be e l imina ted ;  i n  a d d i t i o n ,  t h e  effects of bandwidth, doppler  
s h i f t ,  c a t a s t r o p h i c  f a i l u r e  of i nd iv idua l  elements,  e tc . ,  w i l l  be 
i n v e s t i g a t e d .  
I n v e s t i g a t i o n  w i l l  begin on t h e  use of adap t ive  antennas as s e l f -  
phasing r e c e i v e r s  and f o r  combining the  opera t ions  of se l f -phas ing ,  
r e t r o d i r e c t i v e  r a d i a t i o n ,  and even s imultanious r a d i a t i o n  i n  more than  
one d i r e c t i o n .  This  w i l l  r e q u i r e  t h e  cons ide ra t ion  of s p e c i f i c  c i r c u i t  
components ( i n  block diagram form). 
A s t a r t  w i l l  a l s o  be made on a n a l y s i s  of t h e  techniques  and expected 
accu rac i e s  of an adap t ive  antenna used a s  a d i r e c t i o n - f i n d i n g  device .  
The f irst  q u a r t e r  eva lua t ion  of environmental  e f f e c t s  w i l l  be 
app l i ed  t o  t h e  ope ra t ion  of r e t r o d i r e c t i v e  a r r a y  techniques.  P a r t i -  
c u l a r  a t t e n t i o n  w i l l  be given t o  t h e  e f f e c t s  on t h e  ampli tude and phase 
of p l a n e t a r y  r e f l e c t i o n s .  Modif icat ions of e lec t romagnet ic  s i g n a t u r e s  
(amplitude,  phase, and frequency) w i l l  a l s o  be considered i n  regard t o  
doppler  measurements and environment measurements by e lec t romagnet ic  
techniques .  
46 
REFERENCES 
1. 
2. 
3. 
4 .  
5. 
6. 
7. 
8. 
9. 
C. C. Cutler, R. Kompfner, and L. C. Tillotson, "A Self Steering 
Array Repeater," B. S .  T. J. , Vol. 42, No. 5, pp. 2013-2032 
(September 1963). 
R. B. Battelle, Ed., "Feasibility Analysis of a Deep-Space 
Receiving Terminal Array of Large Equivalent Aperture," Final 
Report, Contract NAS 1-3075, Stanford Research Institute, Menlo 
Park, California (May 1964). 
"Investigation and Study of a Multi-Aperture Antenna System,'' 
Final Report, Contract NAS 5-3472, Electronic Communications, Inc., 
Timonium, Maryland (April 1964). 
P. G. Smith, et al., "Analytical Study to Define an Experimental 
Program for the Evaluation and Optimization of Multi-Element 
Large Aperture Arrays," Final Report, Contract NAS 1-3780, 
Research Triangle Institute, Durham, North Carolina (October 1964). 
-- 
B. B. Lusignon, "Detection of Solar Particle Streams by High 
Frequency Radio Waves," Journal of Geophysical Research, Vol. 68, 
No. 20, pp. 5617-5632 (October 15, 1963). 
M. Easterling and R. Goldstein, "The Effect of the Interplanetary 
Medium on S-band Tele-Communications," Tech. Report No. 32-825, 
Jet Propulsion Laboratory, Pasadena, California. 
G. Fieldbo and V. R. Eshleman, "The Bistatic Radar-Occulation 
Method for the Study of Planetary Atmospheres," J. Geophysical Res., 
Vol. 70, NO. 1, pp. 3217-3225 (July 1965). 
A. J. Kliore, et al., "The Mariner 4 Occulation Experiment," 
.Astronautics and Aeronautics, pp. 72-80 (July 1965). 
R. B. Norton, "A Theoretical Study of the Martian and Cytherian 
Ionospheres," NASA TN D-2333 (July 1964). 
-- 
I 1  10. V. R. Eshelman, "Radar Astronomy of Solar Plasmas, Scientific 
Report 4, NASA Research Grant NsG377, Radioscience Laboratory, 
Stanford University, Stanford, California (August 1964). 
11. L. D. Kaplan, G. Munch, and H. Spinrad, "An Analysis of the 
Spectrum of Mars," Astrophys. J., V o l .  139, No. 1 (January 1964). 
12. G. V. Spiegel, "Effects of Mars Atmospheric Uncertainties on Entry 
Vehicle Design," Aerospace Eng., Vol. 21, pp. 62-63 and 103-107 
(December 1962). 
47 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
G. devaucoulers, Physics of the Planet Mars (Faber & Faber, Ltd., 
London, 1953). 
c 
G. F. Schilling, "Limiting Model Atmospheres for Mars," R-402 JPL, 
The RAND Corporation (August 1962). 
G. M. Levin, et al., "NASA Engineering Models of the Mars Atmosphere 
for Entry Vehicle Design," NASA TND-2525 (1964). 
-- 
G. M. Levin, "A Proposed Solution to Entry Vehicle Design Penalties 
Caused by Lack of Knowledge of the Mars Atmosphere," - A I M  Paper 
65-493 (1965). 
E. D. Shane, "Equilibrium Electron Density on Mars," A I M  J., 
Vol. 2, NO. 8 ,  pp. 1497-1499 (August 1964). 
F. Bosworth, C. Cook, L. Gilbert, and S. Scala, "Normal Shock 
Parameters for the Martian Atmosphere," R-63SD12, General Electric 
Space Science Laboratory (January 1963). 
F. G. Beuf, "Martian Entry Capsule," Astronautics and Aeronautics, 
Vol. 2, No. 12, pp. 30-37 (December 1964). 
I 1  D. F .  Spencer, An Araluation of the Communication Blackout 
Problem for a Blunt Mars-Entry Capsule and a Potential Method for  
the Elimination of Blackout," Technical Report 32-594, Jet 
Propulsion Laboratory (April 15, 1964). 
P. W. Huber and T. E. Sims, "The Entry-Communications Problem," 
Astronautics and Aeronautics, Vol. 2, No. 10, pp. 30-40, 
(October 1964). 
A. J. Kelly, "An Experimental Feasibility Study of Injectant 
Materials to Aleinate Mars Entry Communications Blackout," Paper 
presented at the Third Symposium on the Plasma Sheath, Boston, 
Massachusetts, September 21-23, 1965. 
II J. B. Chown, et al., Effects on Re-Entry and Space Enviromiients 
on Antenna Performance," Paper presented at the Third Symposium 
on the Plasma Sheath, Boston, Massachusetts, September 21-23, 1965. 
-- 
W. C. Taylor and D. E. Weissman, "The Effects of a Plasma in the 
Near-Zone Field of an Antenna," Final Report, Contract NASA-3099, 
Stanford Research Institute, Menlo Park, California (June 1964). 
48 
